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Project Report 

 
1. Introduction and Project Objective 

 

In the past decades, tremendous progress has been made in the research and development of 

AlGaN quantum well UV LEDs and lasers. However, compared to the extremely high 

performance GaN-based quantum well LEDs operating in the near-UV, blue, and blue-green 

spectral ranges, the external quantum efficiency of AlGaN quantum well LEDs operating at 280 

nm is still below 10%. The external quantum efficiency is further reduced drastically for devices 

emitting at 240 nm, or shorter wavelengths. Optically pumped AlGaN quantum well lasers that 

can operate in the UV-B (280-315 nm) and UV-C (100-280 nm) bands have been demonstrated, 

and the threshold power is generally in the range of 100 kW/cm2. However, there has been no 

demonstration of electrically injected semiconductor edge-emitting lasers operating in the UV-B 

and C bands. The challenges for realizing efficient LEDs and electrically injected lasers in the 

deep UV band include the presence of extensive dislocations and defects and the extremely poor 

p-type conduction in conventional AlGaN planar structures.  
 

In this context, significant progress has been made in the epitaxy and characterization of AlGaN 

nanowire heterostructures. Nearly dislocation-free AlGaN nanowire arrays can be grown directly 

on low-cost, large-area Si substrate. The authors have further discovered, both experimentally 

and theoretically, that Mg-dopant incorporation is significantly enhanced in nearly defect-free 

III-nitride nanowire structures compared to their bulk counterparts, thereby leading to very 

efficient p-type conduction in wide bandgap Al-rich AlGaN that was not previously possible. 

The free hole concentration in AlN nanowires is measured to be ~ 1017 cm-3, which is a few 

orders of magnitude higher compared to the previously reported AlN epilayers. Moreover, the 

authors have demonstrated the first AlN nanowire LED devices, which exhibit a turn on voltage 

of 6 V, only limited by the energy bandgap of AlN. More recently, the authors have 

demonstrated, for the first time, electrically pumped lasers operating in the UV-B band.  
 

In this project, we propose to investigate the epitaxy, and structural and optical properties of Al-

rich AlGaN nanowire heterostructures using the technique of selective area epitaxy, which can 

lead to a precise control of the size and shape of nanowires. We request a deep UV 

photoluminescence (PL) system for the optical characterization of AlGaN nanowire 

heterostructures, including the emission spectrum, quantum efficiency, and their dependence on 

temperature and growth and design parameters. The system includes pump lasers, high resolution 

spectrometer, deep UV CCD, cryostat, mirrors, lenses, and other related optical components. 

Such a system is essentially required for the research and development. We propose to 

demonstrate high efficiency AlGaN nanowire LEDs and electrically pumped AlGaN nanowire 

lasers operating in the UV-C band. 

 

2. Summary of the Most Important Results 

 
2.1. Deep UV Photoluminescence System 

 

The deep UV optical characterization system includes UV lasers to optically excite the AlGaN 

samples, a spectrometer and suitable detectors to spectrally resolve and detect the emitted light, a 
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cryostat for such measurements at cryogenic temperatures, and various deep UV-compatible 

optical and electrical components. The complete system is shown in Figure 1 below.  

 

 

Figure 1: The deep ultraviolet photoluminescence measurement system. 

 

 

2.2. Optical characterization of AlGaN nanowire heterostructures 

 

 
 

Figure 2. (a) Left: Nanoscale aperture arrays defined by e-beam lithography on a 10 nm thick Ti 

mask on a c-plane GaN-on-sapphire substrate. Right: Schematic of the selective area epitaxy of 

GaN/AlxGa1-xN nanowires on the patterned substrate. (b) An SEM image of GaN/AlxGa1-xN 

nanowire arrays grown by selective area epitaxy. 

 

AlGaN nanowire arrays with Al incorporation controllably varied across nearly the entire 

compositional range are grown by plasma-assisted molecular beam epitaxy. Illustrated in Figure 

2(a) is the selective area epitaxy of AlxGa1-xN nanowire arrays on a GaN nanowire template 

formed on c-plane GaN-on-sapphire substrate. A thin Ti layer (~10 nm) was employed as the 
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growth mask for the selective area epitaxy of GaN nanowires. Prior to the growth of nanowires, 

nitridation of the Ti mask was performed at 400ºC to prevent crack and degradation during the 

growth process. AlxGa1-xN nanowires were grown with substrate temperatures and a nitrogen 

flow rate in the range of 935°C to 1025°C and 0.3 sccm to 0.55 sccm, respectively. Ga and Al 

beam fluxes were varied in the range of ~10-7 to ~4.2×10-7 Torr and ~10-8 to ~7.1×10-8 Torr, 

respectively to tune the alloy composition and emission wavelength. Shown in Figure 2(b) is a 

scanning electron microscope (SEM) image of GaN/AlxGa1-xN nanowire arrays, which exhibit 

controlled size and spacing and well-defined hexagonal morphology, with a very high degree of 

uniformity. Detailed scanning transmission electron microscopy studies further confirm that an 

Al-rich AlGaN shell structure is spontaneously formed surrounding the nanowires, which can 

suppress nonradiative surface recombination. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. (a) Normalized room-temperature photoluminescence (PL) spectra of AlxGa1-xN 

nanowire arrays with Al compositions tuned from ~20% to 100%. (b) Plot of emission 

wavelength vs. Al composition for AlGaN nanowires demonstrated in this work (blue diamond) 

and reported previously (red circle) by selective area epitaxy. 

 

 

Photoluminescence (PL) spectra of these AlxGa1-xN nanowire arrays were measured at room-

temperature. The nanowire sample was excited using a 193 nm ArF excimer laser, and the PL 

emission was collected and spectrally resolved by a high-resolution spectrometer and detected by 

a liquid nitrogen cooled charge coupled device detector. Illustrated in Figure 3(a), strong PL 

emission from 210 nm to 327 nm was measured from AlxGa1-xN nanowires grown with different 

Al compositions. Illustrated in Figure 3(b) are variations of the PL emission wavelength vs. Al 

composition. It is seen that AlxGa1-xN nanowires with Al concentration varying across nearly the 

entire compositional range, i.e. from x = 0 to 1 can be readily achieved by selective area epitaxy. 

For comparison, previous studies on selective area epitaxy of AlxGa1-xN nanowires were largely 

limited to Al composition below 40%. 

 

The realization of high quality Al-rich AlxGa1-xN nanowire arrays by selective area epitaxy 

provides a distinct opportunity to demonstrate high efficiency nanowire photonic crystal light 
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emitters including LEDs and laser diodes operating in UV-C band, which are currently being 

investigated.  

 




